The coastal zones belong to the most intensively populated and fast developing regions of the world. High and continually increasing requirements for groundwater for domestic, agricultural, and industrial needs is a consequence. Strategies for sustainable use of fresh water in this area are required. In several regions, submarine groundwater discharge (SGD) is a significant pathway for the transfer of freshwater, nutrients, trace gases, and pollutants to coastal environments. Assessment of SGD is a requirement for sustainable management of ecosystem and resources.
INTRODUCTION
For several coastal regions, discharge of freshwater from the seafloor is considered an important pathway between land and ocean. Submarine groundwater discharge might be important for nutrient budgets, hydrological cycles, release of trace elements such as barium, and gases such as radon and methane from the seafloor. Offshore plankton blooms, fuelled by nutrient rich fluids seeping from the seafloor, were observed.
Studies of the South Atlantic Bight on the US east coast, suggested that 40% of the entire freshwater supply is due to fluid discharge from the seafloor. Although this number probably overestimates the contribution of submarine seepage in this area, this study suggests the significance of this pathway for marine geochemical cycles. Reports about fluid discharge in the coastal areas of, for example, Italy, Greece, Crete, Japan, Israel, Lebanon, Florida, and the Baltic properly underline the worldwide occurrence of this transport pathway from land to the ocean.
Basically, three different modes of fluid flow from sediments has to be distinguished for the coastal zone:
• focused flow along fractures in Karst and rocky areas (e.g., Italy, Greece, Hawaii);
• dispersed flow through soft sediments (e.g., Baltic Sea, Australia); and • re-circulation of seawater through sediments. The origin and sub-seafloor pathway of fluids is not clear in every case. Whereas in Mediterranean Karst areas, almost pure freshwater is discharged at submarine springs; in regions off Florida, seepage of salt water is reported. Furthermore, recirculation of sea water through coastal sediments is an efficient mechanism enriching dissolved constituents in coastal waters. In the study presented here, we investigated submarine groundwater discharge in Eckernförde Bay (Western Baltic Sea).
STUDY AREA AND RESULTS
Eckernförde Bay has a length of approximately 19 km and a width of 9 km at the eastern mouth. Maximum water depths are 26 to 28 m. At the eastern part of the bay, the basin is divided into two elongated troughs by the Mittelgrund, a moronic remnant where water depths are less than 10 metres. Several pockmark locations, 2-3 m deep depressions in the muddy seafloor (Figure 1 ), were identified by towed video systems and side scan sonar surveys by surface ships and AUV (Autonomous Underwater Vehicle).
Geochemical studies of pore water composition were conducted at more than 200 sites. At several locations chloride concentrations decreased considerably within the upper 10-30 cm of the sediment. These steep gradients indicate admixture of freshwater delivered from below. This is also supported by deployment of a submarine well system. The well was installed in 26 m water depth in the subseafloor aquifer located 6 m below the seafloor. Chemical analysis showed freshwater composition. Age dating by CFC suggests that the groundwater of this shallow sub-seafloor aquifer recharged prior to 1950. The width of the trough-like pockmark structure is ~75-90m. Geochemical investigations of pore water composition, 222 Rn measurements in the water column, flow measurements at the seafloor, and deployment of a submarine well revealed the discharge of freshwater Generally, methane concentrations in muddy sediments increase with depth. In several cases, CH 4 concentrations exceeds 3 mM within the upper 30-40 cm of the sediment. These concentrations are close or exceeding CH 4 saturation at ambient pressure and temperature conditions, suggesting oversaturation and formation of gas bubbles. Such ebulation of gas bubbles from the seafloor was observed during surveys by towed video systems. Especially in the inner part of the Bay, acoustic turbidity, the so-called Beckeneffekt, is a result of the presence of free gas. In contrast, low CH 4 concentrations were observed at several sites where fluid advection is high. This suggests a flushing of methane from sediment to bottom water.
For a quantitative view on fluid flow through sediments, models of different degrees of complexity were applied. A 1D numerical advection-diffusion model, coupled with the Levenberg-Marquard optimization method was applied for calculation of discharge rates. For this purpose, the optimized fit of calculated to measured pore water data were computed. Fluid flow of up to 17 Lm -2 d -1 were computed. A considerably more complex 2D approach was applied for the consideration of methane and chloride at pockmark sites. This multiphase approach is capable of describing the flow field in detail and to consider the dissolved and free gas distribution. By numerical modelling, the recharging of CH 4 in previously flushed muddy sediments can be studied.
CONCLUSION
Investigations of the spatial distribution revealed that freshwater affected sediments cover considerable areas of the bay. Fluid flow of freshwater through sediments is not limited to pockmark sites and was observed at several sites along the southern part of the bay. Since muddy sediments approximately 1 km from shore are affected, we suggest that the discharge is not related to flow along the salt wedge but is delivered from sub-seafloor aquifers. This is supported by a well system deployed at several pockmark locations. By numerical modelling of pore water profiles, discharge rates of several litres per square metre and day were computed. Fluid flow through muddy sediments is able to flush CH 4 into bottom waters.
